Nitric oxide (NO) and atrial natriuretic factor (ANF) cause vascular relaxation by generating cyclic guanosine monophosphate (cGMP) via activation of the soluble and particulate guanylate cyclases, respectively. The chronic effects of N-nitro-L-arginine methyl ester (L-NAME), an L-arginine antagonist and NO synthase inhibitor, on the blood pressure and plasma and aortic cGMP levels of rats were tested. Wistar rats (n = 10 per group) were given doses ofL-NAME (0, 1, 5, 10, 20, 50, and 100 mg/kg . d) by gavage twice a day for 4 wk. Chronic L-NAME induced a time-and dose-dependent increase in blood pressure. The total heart weight/body weight ratio did not change in any group, despite the hypertension. The plasma levels ofcGMP did not change significantly in any group, and were correlated with the plasma ANF levels (r = 0.51, P < 0.0001). Aortic cGMP decreased in negative correlation with increasing L-NAME from 0 to 10 mg/kg . d, culminating in a 10-fold drop arterial wall cGMP. The aortic cGMP content of rats in the four highest dose groups (from 10 to 100 mg/d) tended to increase slightly and was positively correlated with endogenous ANF (r = 0.48, P < 0.002, n = 40). Intravenous L-arginine decreased arterial blood pressure and reversed the decline in aortic cGMP. Exogenous ANF and sodium nitroprusside both significantly increased aortic cGMP. Neither the arterial wall concentrations of cGMP-dependent kinase nor cAMP was changed by L-NAME. Thus, chronic blockade of NO synthase with L-NAME induces a dose-dependent increase in blood pressure and decrease in aortic cGMP. The in vivo basal aortic cGMP seems to be mainly dependent on NO synthase: soluble guanylate cyclase activity and to a minor extent on particulate guanylate cyclase activity. (J. Clin. Invest. 1992.90:647-652.) 
Introduction
The major role played by the endothelium in modulating the vasomotor response and in structural alterations of the vascu-lar wall has received considerable attention (1) (2) (3) (4) . Pharmacological studies have shown that endothelial function is influenced differently, depending on the model ofchronic hypertension used. Several groups have reported reduced endothelium-dependent vascular responses (5) (6) (7) (8) , whereas other workers have reported no change (9) or an increase (10) in endothelium-dependent relaxation in arteries from hypertensive animals. Reduced endothelium-dependent vascular relaxation has also been reported in heart failure (1 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] and in the presence of atherosclerotic lesions (14) (15) (16) . Endotheliumderived relaxing factor (EDRF),' which appears to be nitric oxide (NO), seems to be an ideal modulator oflocal blood flow, because stimulation of its release integrates both mechanical signals (shear stress) and hormonal signals (acetylcholine, bradykinin, etc.) (1) (2) (3) (4) . Endothelial cells release EDRF-NO, which activates the soluble guanylate cyclase ofvascular smooth muscle, resulting in the generation of cyclic guanosine monophosphate (cGMP) and vascular relaxation (17) . Cardiac myocytes release atrial natriuretic factor (ANF), which can also cause cGMP production via the activation of the particulate guanylate cyclase (I18-20) . The amino acid L-arginine is the precursor for the synthesis of NO by vascular endothelial cells (4) . NImonomethyl-L-arginine (L-NMMA), an inhibitor of the NO synthase in vitro, inhibits the release of NO from endothelial cells and aortic rings, indicating that there is a continuous release of NO, which maintains a dilator tone in this tissue. Short-term administration ofL-NMMA induces an increase in blood pressure of -30 mmHg in rats (21) . However, the in vivo effects (in particular on second messengers) of chronic blockade of NO synthase have not yet been reported.
In the present study, rats were given various doses of the orally active L-arginine antagonist NA-nitro-L-arginine methyl ester (L-NAME), for a period of 4 wk. This chronic treatment induced a dose-dependent increase in blood pressure. The humoral (plasma and urine) and tissue (aorta and lung) concentrations of cGMP were determined. The concentrations of cyclic adenosine monophosphate (cAMP), the other intracellular second messenger involved in the relaxation of smooth muscle cells, and cGMP-dependent protein kinase within the arterial wall were also measured. The consequences of chronic inhibition ofNO generation on the renin-angiotensin system and the plasma ANF were studied. Lastly, the effects of administering L-arginine, exogenous ANF, and sodium nitroprusside ( were given to L-NAME (n = 6) and to control (n = 8) rats, followed by a 25 mg/kg-min infusion for one hour. L-NAME rats (n = 5) were given a bolus of 10 ,g/kg ANF (1-28 rat, Novabiochem, Laufelfingen, Switzerland), followed by a 3 Mg/kg min infusion during 5 min. L-NAME rats (n = 5) were infused with 10 Mg/kg. min sodium nitroprusside (Sigma Chemical Co.) for 5 min. 6 L-NAME rats and 10 control rats were given saline vehicle alone in similar experimental conditions. At the end of the experimental protocol, rats were killed by cervical dislocation. The thoracic aortae were rapidly excised, rinsed in cold phosphate-buffered saline, frozen in liquid nitrogen, and stored at -70°C. 2 The plasma was deproteinized by adding ice-cold ethanol to give a final suspension volume of 65% ethanol. The suspension was centrifuged for 10 min at 3,000 g, the supernatant was transfered to fresh tubes, and the extract evaporated to dryness under a stream ofnitrogen at 60'C. The dried extracts were dissolved in assay buffer before analysis.
Cyclic AMP was determined with a radioimmunoassay kit (RPA 508, Amersham).
Determination ofplasma ANF, plasma renin activity (PRA), and urinary aldosterone. Plasma ANF was extracted on a C18 cartridge, and determined by a nonequilibrium radioimmunoassay using a double-antibody system to separate the free and the bound fractions (25) .
Peptide tracer was labeled with I"25 by the chloramine T method (26) .
PRA was determined as previously described (27) . Urinary aldosterone was measured by the method of Pham and Corvol (28) .
Determination of cGMP-dependent kinase concentration. The tissue concentration of cGMP-dependent kinase was determined by an ELISA with affinity-purified rabbit anti-cGMP kinase antibodies, as described previously (29) . Pure cGMP kinase and rabbit anti-cGMP kinase antibodies was kindly provided by Dr. F. Hofmann (Munchen, FRG). Microtiter plates were coated with pure cGMP kinase for 16 h at 4°C. The coating solution was removed by aspiration, and the residual binding sites were saturated at room temperature with buffer A (20 mM KPO4, pH 7.5, 150 mM NaCl, 0.01% NaN3) containing 2% BSA at pH 7.0 for 1 h. The plates were washed twice with buffer A containing 0.1% BSA. The affinity-purified rabbit antibodies were preincubated for with three dilutions oftissue extracts or pure cGMP kinase for 16 h at 4°C. These probes were transferred to the plates and incubated for 2 h at 4°C. The plates were then washed two times. A goat anti-rabbit IgG-peroxidase conjugate was added and the plates were incubated for 1 h at room temperature. They were washed three times and substrate solution (0.4 mg/ml 1,2 phenylene diamine and 0.001% H202 in a phosphate-citrate buffer, pH 5.0) was added. The reaction was stopped after 15 min with 2N HCI and the reaction product was measured at 492 nm. The cGMP kinase concentration was calculated as described in Ecker et al. (29) .
Statistical methods. Results are expressed as means ± 1 SD. The differences in blood pressure and body weight were evaluated by AN-OVA with repeated measures (comparison of the seven groups). The difference in the other parameters was evaluated by one factor AN-OVA of the increase or decrease of each variable measured (comparison of the groups). One-way analysis of variance followed by Scheffe F-test or Fisher PLSD was used to compare the effects of L-NAME doses on these parameters. Linear regression curves and correlation coefficients were obtained by the least-squares method.
Results
Blood pressure, body weight, and heart weight. Chronic oral administration of L-NAME induced a time and dose-dependent increase in blood pressure in these young rats (Fig 1) . Doses of L-NAME over 10 mg/kg. d delayed the increase in body weight. However, this smaller weight gain averaged 20 g for the three highest doses, only 8% ofthe body weight ofthese hypertensive rats versus their normotensive controls (Table I) . The total heart weight/body weight ratio did not change in any group, despite the dose-dependent increase in blood pressure ( Table I ). The absolute heart weight was indeed significantly lower in L-NAME treated rats than in control rats (F 3.87, P < 0.003) ( Table I ). Blood pressure was measured by the tail-cuff method and intraarterially in the extra group (n = 22) given 100 mg L-NAME/kg. d. Systolic blood pressure averaged 192±17 mmHg by the tail-cuffmethod and 200±20 mmHg when measured intraarterially.
Plasma and urinary variables (Table II) . The plasma cGMP concentration did not change in any group; neither did the 24-h excretion of urinary cGMP. The plasma ANF was slightly increased by L-NAME: the plasma levels of ANF tended to increase in the two groups given the highest dose of L-NAME (50 and 100 mg/kg-d) versus a lower dose of L-NAME (20 mg/d) (significant only when using Fisher PLSD comparison). The plasma ANF concentration was correlated with the plasma cGMP (r = 0.51, P < 0.0001). L-NAME slightly decreased the PRA versus control, independently ofthe dose (P < 0.05). 24-h urinary excretion of aldosterone did not change in any group.
Tissue parameters. The cGMP content of the arterial wall was dramatically altered in L-NAME-treated rats (F 32.45, P < 0.0001) (Table II) . There was a negative correlation between systolic blood pressure and aortic cGMP (r = 0.67, P < 0.0001) (Fig. 2) . From 0 to 10 mg L-NAME/kg * d, there was a dose-dependent decrease (of one order of magnitude) in aortic cGMP; whereas from 20 to 100 mg/kg. d, there was a tendancy for the aortic cGMP content to increase. The relationship between aortic cGMP content and plasma ANF levels within these groups showed a highly significant positive correlation (r = 0.48, F 11.41, P < 0.002) within the four subgroups (10, 20, 50, and 100 mg/kg. d), which corresponded to the rats in which NO synthase can be assumed to be blocked by L-NAME (Fig.  3) . There was a similar correlation between aortic cGMP and plasma ANF in the rats given 20,50, and 100 mg/d (r = 0.50, F 9.34, P < 0.005), and between rats given 50 or 100 mg/ay (r = 0.51, F 6.37, P < 0.03). However, the rats given 5 mg L-NAME per day or less (in which NO synthase was not completely blocked) showed no correlation between aortic cGMP content and plasma ANF, but cGMP was dependent on the dose ofL-NAME (F 32.45, P < 0.0001). The pulmonary cGMP content was also influenced by L-NAME (Table II) . Doses of 0-5 mg/day produced a dose-dependent decrease in pulmonary cGMP. The subgroups given 5-100 mg/day had pulmonary cGMP contents that were positively correlated with plasma ANF (r = 0.40, P < 0.005, n = 49). Lastly, plasma cGMP levels were correlated with the pulmonary cGMP content (r = 0.45, P < 0.0001, n = 69), but not with aortic cGMP (r -0.23, NS, n = 69).
The arterial cGMP-dependent kinase concentration was not changed by L-NAME. It was 82±10 ng/mg protein in rats given 50 mg/kg. d L-NAME (n = 10) and 79±11 ng/mg protein in controls (n = 10). The cAMP concentration within the arterial wall remained unchanged in all the groups. The values were between 25±5 and 29±7 pmol/mg protein.
Effects of intravenous L-arginine, ANF, and sodium nitroprusside (Fig. 4) . The blood pressure of L-NAME rats given only vehicle, did not change throughout the period of 10 h. Intravenous boluses of30 and 90 mg/kg L-arginine to L-NAME rats transiently decreased blood pressure by 20 and 30 mmHg, respectively, but the blood pressure returned to baseline within minutes. Infusion of 25 mg/kg. min L-arginine for 60 min decreased blood pressure by 24%. ANF (10 pg/kg bolus followed by a 3,ug/kg * min infusion for 5 min) decreased blood pressure by 18%. Infusion of sodium nitroprusside (10 g/kg -min for 5 min) decreased blood pressure by 48%.
L-NAME rats given only saline vehicle had low aortic cGMP (223±60 fmol/mg protein, n = 6). L-arginine reversed the decline in aortic cGMP (1,984±473 fmol/mg protein, n = 6). Exogenous ANF and sodium nitroprusside also increased the aortic cGMP concentration (4,470±1,702 fmol/mg protein, n = 5 and 7,531+3,083 fmol/mg protein, n = 5, respectively). The plasma ANF concentration was increased Abbreviation: AI, angiotensin I.
(32,072±12,829 pg/ml, i.e., about 100 times the control) by the infusion of exogenous ANF. In control normotensive rats, intravenous boluses of 90 mg/kg L-arginine decreased blood pressure by 10 mmHg, but the blood pressure returned to baseline within seconds. Infusion of 25 mg/kg. min L-arginine for 60 min did not change blood pressure. Control rats given only saline vehicle had unchanged aortic cGMP (1,925±938 fmol/mg protein, n = 10). L-arginine did not change aortic cGMP concentration (2,252±920 fmol/mg protein, n = 8) in these normotensive rats.
Discussion
Chronic oral administration of L-NAME induces a dose-dependent increase in blood pressure and can be considered to be a novel model of experimental hypertension. The body weight gain in these immature rats was slightly but significantly slowed by a L-NAME. Some decrease in body weight gain is a common feature of all models of hypertension. Surprisingly, this increase in blood pressure was not associated with any degree of cardiac hypertrophy. The heart weight/body weight ratio was quite similar to that of the controls. To our knowledge, this is the first time that chronic experimental hypertension has not induced cardiac hypertrophy. For instance, at 1 mo, renovascular rats show massive cardiac hypertrophy (30) . This discrepancy between high blood pressure and the absence of cardiac hypertrophy in this model requires further investigation.
Endothelial cells release EDRF-NO, which activates vascular smooth muscle soluble guanylate cyclase, resulting in cGMP generation and vascular relaxation (1-4) . The present study demonstrates that rats chronically treated with L-NAME exhibit a dose-dependent decrease in arterial wall cGMP, culminating in a 10-fold drop in the arterial wall cGMP content at a dose 2 10 mg/kg-day L-NAME. Intravenous L-arginine partially restores the hypertension and reverses the decline in aortic cGMP. The cGMP content of the arterial wall therefore appears to be a very sensitive index of in vivo NO synthase activation. Endogenous ANF was positively correlated with the cGMP content ofthe arterial wall in rats given the highest doses ofL-NAME (20-100 mg/kg . day). A twofold increase in endogenous ANF was associated with a twofold increase in aortic cGMP, which remained sixfold lower than that of the control normotensive rats. Thus, the contribution of endogenous ANF, via stimulation of the particulate guanylate cyclase, to basal aortic cGMP generation appears to be minor compared to that of EDRF-NO via soluble guanylate cyclase. However, pharmacological doses of exogenous ANF or sodium nitroprusside produced large increases in aortic cGMP in L-NAME, attesting to the integrity of the particulate and soluble guanylate cyclases. Finally, at least two phosphodiesterases catabolise cGMP, and thus influence smooth muscle cGMP concentration (31) . It is always possible that the phosphodiesterases may be both induced and inhibited, as a reaction to the new steady state level.
The presence of cGMP in extracellular fluids is believed to be the consequence of its egress through the cell membrane. This membrane is impermeable to its reentry unless the molecules are modified, rendering them lipophilic, as is 8-bromocGMP (20) . ANF activates the particulate guanylate cyclase in both cultured endothelial cells and vascular smooth muscle cells leading to increased intra-and extracellular cGMP (20) . NO, as sodium nitroprusside, activates the soluble guanylate cyclase of vascular smooth muscle, and also leads to increased intra-and extracellular cGMP (17) (18) (19) . The cellular heterogeneity of the organs makes it difficult to assess the in vivo status of the second messengers. However, large vessels, such as the aorta, contain mainly matrix and smooth muscle cells; the endothelium is limited to a very thin monolayer. Conversely, the lung is particularly rich in capillaries, and hence in endothelial cells. Thus, we may assume that the aortic cGMP levels reflect the cGMP concentration in smooth muscle cells, while the lung cGMP levels mainly reflect the cGMP concentration in 650 both endothelium and smooth muscle cells. Indeed, L-NAME induced a 10-fold decrease in aortic cGMP and only a two-to threefold decrease in pulmonary cGMP. But neither plasma nor urinary cGMP levels were altered in the present study, despite a large decrease in its concentrations within the arterial wall, i.e., smooth muscle cells. Humoral cGMP does not reflect the aortic cGMP level or the activity of soluble guanylate cyclase. The correlation between plasma ANF, plasma cGMP, and pulmonary cGMP suggests that plasma cGMP originates from stimulation of the endothelial particulate guanylate cyclase by ANF, which is in agreement with a clinical study (32) . Cyclic GMP-dependent kinase appears to mediate the effects of cGMP, and perhaps also of cAMP, in smooth muscle cells (33) . In aortic rings exposed to antagonists of the L-arginine/NO pathway, decreased basal tissue cGMP may enhance the sensitivity to any exogenous vasodilator during exposure to antagonists of the L-arginine/NO pathway (34) . This change could be due to induction of cGMP-dependent kinase. However, our results do not demonstrate any change in the arterial concentration of cGMP-dependent kinase in response to L-NAME. The dramatic decrease in arterial cGMP does not appear to influence the level ofcAMP, the other cyclic nucleotide implicated in the relaxation of the vascular tone.
An increase in renal perfusion pressure is known to decrease renin secretion (35) . However, recent studies have suggested that the endothelium, and potentially NO, can stimulate renin secretion. Our group has recently demonstrated that renin secretion is inhibited by L-NAME in isolated kidneys perfused at constant pressure (36) . Renin secretion is also inhibited by L-NMMA in cocultures ofendothelial cells andjuxtaglomerular cells (37) . Blood pressure increased dose-dependently during chronic administration of L-NAME, whereas the plasma renin secretion was slightly inhibited at the smallest dose and then plateaued. The present study suggests that the in vivo control ofrenin secretion during chronic L-NAME administration is influenced by factors other than NO blockade and high blood pressure, and that these factors counterregulate in vivo secretion.
In conclusion, the present study emphasizes the importance of NO and its second messenger cGMP in the regulation ofblood pressure. Chronic administration ofL-NAME induces a time-and dose-dependent increase in blood pressure and decreased aortic cGMP by 10- 
